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ABSTRACT
We investigate whether a parsec-scale jet of 3C 345 is dominated by a normal plasma or an electron-

positron plasma. We present a general condition that a jet component becomes optically thick for syn-
chrotron self-absorption by extending the method originally developed by Reynolds and coworkers. The
general condition gives a lower limit of the electron number density, with the aid of the surface bright-
ness condition, which enables us to compute the magnetic Ðeld density. Comparing the lower limit with
another independent constraint for the electron density that is deduced from the kinetic luminosity, we
can distinguish the matter content. We apply the procedure to the Ðve components of 3C 345 (C2, C3,
C4, C5, and C7) of which angular diameters and radio Ñuxes at the peak frequencies were obtainable
from literature. Evaluating the representative values of Doppler beaming factors by their equipartition
values, we Ðnd that all the Ðve components are likely dominated by an electron-positron plasma. The
conclusion does not depend on the lower cuto† energy of the power-law distribution of radiating par-
ticles.
Subject headings : galaxies : active È quasars : individual (3C 345) È radio continuum: galaxies

1. INTRODUCTION

The study of extragalactic jets on parsec scales is astro-
physically interesting in the context of the activities of the
central engines of active galactic nuclei (AGNs). In particu-
lar, a determination of their matter content would be an
important step in the study of jet formation, propagation,
and emission. The two main candidates are a ““ normal
plasma ÏÏ consisting of protons and relativistic electrons (for
numerical simulations of shock fronts in a VLBI jet, see

Alberdi, & Marcaide 1993, 1994a, 1994b) and aGo� mez,
““ pair plasma ÏÏ consisting only of relativistic electrons and
positrons (for theoretical studies of two-Ñuid concept, see
Sol, Pelletier, & 1989 ; Pelletier & Sol 1992 ; Des-Asse� o
pringre & Fraix-Burnet 1997). Distinguishing between these
possibilities is crucial for understanding the physical pro-
cesses occurring close to the central ““ engine ÏÏ (presumably
a supermassive black hole) in the nucleus.

VLBI is uniquely suited to the study of the matter
content of pc-scale jets because other observational tech-
niques cannot image at milliarcsecond resolution and must
resort to indirect means of studying the active nucleus.
Recently, Reynolds et al. (1996) analyzed historical VLBI
data of the M87 jet at 5 GHz (Pauliny-Toth et al. 1981) and
concluded that the core is probably dominated by an eB
plasma. In the analysis they utilized the standard theory of
synchrotron self-absorption to constrain the magnetic Ðeld,
B (G), and the proper number density of electrons,

(1 cm3), of the jet and derived the following conditionN
e
*

for the core to be optically thick for self-absorption :
where refers to the upper limit of theN

e
* B2[ 2dmax~2 , dmaxDoppler factor of the bulk motion. This condition is,

however, applicable only for the VLBI observations of M87

1 Present address : National Astronomical Observatory, Osawa,
Mitaka 181-8588, Japan.

core at the 1972 September and 1973 March epochs. There-
fore, in order to apply the analogous method to other AGN
jets or to M87 at other epochs, we must derive a more
general condition.

On these grounds, Hirotani et al. (1999) generalized the
condition and applied it to the 3C 279 jet onN

e
* B2[ 2dmax~2

parsec scales. In that paper they revealed that the core and
components C3 and C4, of which spectra are obtained from
the literature, are dominated by a pair plasma. It is inter-
esting to note that the same conclusion that the 3C 279 jet is
dominated by a pair plasma is derived from an independent
method by Wardle et al. (1998), who studied the circularly
polarized radio emission from the 3C 279 jet.

In the present paper we apply the same method to the 3C
345 jet. The quasar 3C 345 (redshift z\ 0.594) is one of a
class of core-dominated Ñat-spectrum radio sources that are
believed to emit X-rays via the synchrotron self-Compton
process. VLBI imaging observations of the ““superluminal ÏÏ
quasar 3C 345 have been made at 5 GHz every year since
1977 (Unwin & Wehrle 1992), while 10.5 and 22 GHz obser-
vations have occurred at more frequent intervals (e.g.,
Biretta, Moore, & Cohen 1986). The apparent speeds of
components C2, C3, C4, and C5 increase monotonically
with time from D3c to D10c, consistent with a jet of con-
stant Lorentz factor (!\ 10) bending away from the line of
sight (Zensus, Cohen, & Unwin 1995). Later, Unwin et al.
(1997) studied the time evolution of spectral shapes and
angular sizes of component C7 at a distance D0.5 mas
(2 pc) from the nucleus. Using the physical parameters given
in the literature above and deducing the kinetic luminosity
from its core-position o†set, we conclude that all Ðve jet
components are likely dominated by an eB plasma. In ° 4
we discuss the validity of these assumptions.

We use a Hubble constant h km s~1 Mpc~1 andH0 \ 65
throughout this paper. These give a luminosityq0\ 0.5

100
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distance to 3C 345 of h~1 Gpc. An angular size orD
L
\ 3.06

separation of 1 mas corresponds to 5.83 h~1 pc. A proper
motion of 1 mas yr ~ 1 translates into a speed of bapp\ 30.3
h~1. Spectral index a is deÐned such that SlP la.

2. CONSTRAINTS ON MAGNETIC FLUX AND PARTICLE

NUMBER DENSITIES

We shall distinguish whether a radio-emitting component
is dominated by a normal plasma or an eB plasma by
imposing two independent constraints on First, in ° 2.1N

e
*.

we give the synchrotron self-absorption constraint, which is
obtained by extending the work by Reynolds et al. (1996)
(see Appendix A). Second, in ° 2.2 the kinematic luminosity
constraint is presented.

2.1. Synchrotron Self-Absorption Constraint
In this paper we model a jet component with redshift z as

homogeneous spheres of angular diameter containing ah
d
,

tangled magnetic Ðeld B (G) and relativistic electrons that
give a synchrotron spectrum with optically thin index a and
maximum Ñux density (Jy) at frequency We can thenS

m
l
m
.

compute the magnetic Ðeld density as follows (Cohen 1985 ;
Ghisellini et al. 1992) :

B\ 10~5b(a)S
m
~2(m)5

A h
d

mas
B4 d

1 ] z
, (1)

where d is the beaming factor deÐned by

d 4
1

!(1[ b cos r)
, (2)

!4 1/(1 [ b2)1@2 is the bulk Lorentz factor of the jet com-
ponent moving with velocity bc, and r is the orientation of
the jet axis to the line of sight. The coefficient b(a) is given in
Cohen (1985). Both ! and r can be uniquely computed
from d and as follows :bapp

!\ bapp2 ] d2] 1
2d

, (3)

r\ tan~1
A 2bapp
bapp2 ] d2[ 1

B
. (4)

We assume that the electron number density between
energies E and E] dE is expressed by a power law as

dN
e
*

dE
\ N0E2a~1 . (5)

Integrating from to anddN
e
*/dE cminm

e
c2 cmaxme

c2
assuming and a \ 0, we obtain the electroncmax? cminnumber density

N
e
* \ cmin2a

[2a
(m

e
c2)2aN0 . (6)

Computing the optical depth along the line of sight, Mars-
cher (1983) expressed in terms of and a.N0 h

d
, S

m
, lm,

Combining the result with equation (6), we Ðnally obtain
(see also Appendix B)

N
e
* (SSA) \ e(a)

cmin2a
[2a

h(1] z)2q02 sin r
zq0 ] (q0[ 1)([1 ] J2q0 z] 1)

]
A h

d
mas
B4a~7A l

m
GHz

B4a~5
S
m
~2a`3

A d
1 ] z

B2a~3
, (7)

where e(a) 4 2.39] 101~6.77a (0\ [a \ 1.25). If the com-
ponent is not resolved enough, this equation gives the lower
bound of N

e
*.

2.2. Kinetic L uminosity Constraint
As described in Appendix B in detail, we can infer the

kinetic luminosity, from the core-position o†set,L kin, )
rl,due to synchrotron self-absorption. For the core, we assume

a conical geometry with a small half-opening angle s. Then
measured in the rest frame of the AGN becomesL kin

L kinD CkinK
r12
r03

b!(![ 1)s2
A )

rl/l0
r1 sin r

B2(5~2a)@(7~2a)

]
C
nC(a)

s
sin r

K
cmin

r1
r

[2a
cmin2a

A d
1 ] z

B3@2~aD~4@(7~2a)
,

(8)

where K is deÐned by equation (B13) and becomes 0.1 for
a \ [0.5 if an energy equipartition holds between the radi-
ating particles and the magnetic Ðeld.

For a pure pair plasma, we obtain Ckin\
where is the averaged Lorentzn2Sc~Tm

e
c3/cmin, Sc~T

factor of randomly moving electrons and positrons, which
could be computed from equation (5) for a power-law dis-
tribution of radiating particles. For a normal plasma, on the
other hand, we obtain whereCkin\ n2m

p
c3/(2cmin), m

prefers to the rest mass of a proton. It should be noted that
takes a di†erent value from a pair plasma.cminOnce of a stationary jet is obtained, we can deduceL kinat an arbitrary position along the jet, even if theN

e
*

geometry deviates from a cone. When the jet has a perpen-
dicular half-width at a certain position, and areR

M
L kin N

e
*

related by

L kin\ nR
M
2 bc!N

e
*(![ 1)(Sc~Tm

e
c2 ] Sc

`
Tm

`
c2) , (9)

where and refer to the averaged Lorentz factorsSc~T Sc
`
T

of electrons and positively charged particles, respectively ;
designates the mass of the positive charge. Replacingm

`the angular diameter distance, with the luminosity2R
M
/h

d
,

distance divided by (1] z)2, we can solve equation (9) for
to obtainN

e
*

N
e
* (kin)\ 3.42] 102h2q04(1] z)4

[zq0] (q0 [ 1)([1 ] J2q0 z] 1)]2

]
A h

d
mas
B~2 1

b!(![ 1)
L 46.5

Sc~T ] Sc
`
Tm

`
/m

e
cm~3 ,

(10)

where refers to the kinetic luminosity in the unit ofL 46.51046.5 ergs s~1. It should be noted that Sc~T] Sc
`
Tm

`
/m

ebecomes roughly for a pair plasma with2cmin ln (cmin/cmax)a D [0.5, while it becomes 1836 for a normal plasma. As a
result, for a pair plasma becomes aboutN

e
p (kin) 100cmin~1

times greater than that for a normal plasma. Since isN
e
p (SSA)

proportional to the ratio for a paircmin2a , N
e
p (kin)/N

e
p (SSA)

plasma becomes about times greater than that100cmin~1h2a
for a normal plasma. For a jet component close to the VLBI
core, we may put a D [0.5 ; therefore, the dependence on

virtually vanishes.cminIn short, we can exclude the possibility of a normal
plasma dominance if is satisÐed,1 \ N

e
p (pair)/N

e
p (SSA)> 100

where refers to the value of computed for aN
e
p (pair) N

e
p (kin)
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pair plasma. On the other hand, impliesN
e
p (pair)/N

e
p (SSA)\ 1

that is underestimated. The conclusion is invulnerableL kinagainst the value of of electrons and positrons.cmin
3. APPLICATION TO THE 3C 345 JET

Let us apply the method described above to the 3C 345
jet on parsec scales and investigate the matter content. It is,
however, difficult to deÐne a, and of each componentl

m
, S

mwell because the spectral information for an individual com-
ponent is limited by the frequency coverage and quality of
VLBI measurements near a given epoch. Therefore, Zensus
et al. (1995) chose self-consistent values that matched the
data and gave a reasonable Ðt to the overall spectrum when
the components C2, C3, and C4 (hereafter C2ÈC4) and the
core are considered together (Table 1). For C2 and C3, they
used the highest value for while for C4 they used al

m
,

TABLE 1

MAGNETIC FIELD AND ELECTRON DENSITY OF COMPONENTS C2ÈC4

C2 C3 C4
Parameter (1982.0) (1982.0) (1982.0)

oh (mas)a . . . . . . . . . 4.9/0.65 2.2/0.65 0.40/0.65
bappha . . . . . . . . . . . . . 8.4/0.65 6.0/0.65 4.0/0.65
l
m

(GHz)a . . . . . . . . . 1.5 2.6 14.6
S
m

(Jy)a . . . . . . . . . . . . 2.0 2.1 7.6
aa . . . . . . . . . . . . . . . . . . [0.6 [0.7 [0.3
h
d

(mas)a . . . . . . . . . . 2.15 0.97 0.29
dmina . . . . . . . . . . . . . . . . 2.1 3.6 14.3
deqb . . . . . . . . . . . . . . . . . 6.7 13 17
!eqb . . . . . . . . . . . . . . . . 16 9.8 9.6
req (rad)b . . . . . . . . . 0.12 0.072 0.039
B (mG)b . . . . . . . . . . . 5.7 6.9 18
N

e
p (SSA) (cm~3)b . . . 0.11 0.33 0.19

N
e
p (pair) (cm~3)b . . . 0.095L 46.5 1.3L 46.5 16L 46.5

N
e
p (pair)/N

e
p (SSA)b . . . 0.86L 46.5 4.0L 46.5 80L 46.5

eB dominated? . . . Likely yes Likely yes Maybe yes

a From Zensus et al. 1995.
b The values for h \ 1.0 are presented. Kinetic luminosity is normalized

as ergs s~1 (see text).L 46.54 L kin/1046.5

representative possibility. Subsequently, Unwin et al. (1997)
obtained these radio parameters for C5 and C7 by analo-
gous method. We present these parameters together with
their errors in Table 2. The jet half-opening angle iss D 2¡.4
calculated from measuring the jet size within 1 mas distance
from the core (° 4.3 in Lobanov 1998). We choose
a \ [0.65 as the spectral index of the core below the turn-
over frequency at 700 GHz (° 5.2 of Zensus et al. 1995).

3.1. Kinetic L uminosity
To estimate the kinetic luminosity from equation (8), we

have to input !, r, and d for a given K, s, and a.)
rl, Ckin,Let us Ðrst consider !, r, and d. As demonstrated in

Figure 4 in Unwin et al. (1997), a component (C7) acceler-
ated as it moved away from the core, the Lorentz factor
increased from !D 5 to ![ 10, and the viewing angle
increased from rD 2¡ to rD 10¡. It is inappropriate to
consider the case r> s ; therefore, we assume rD 2¡ for the
core. In this case d ? 1 holds to give L kinP !(![ 1)/d P d.
In the case of a newly born component (C7) at 1992.05
Unwin et al. (1997) derived a conservative limit d [ 11.7 by
assuming that C7 was the origin of the observed X-rays.
Therefore, it is likely that d is much greater than 10 for the
core because d decreased as the component moved away.

The core-position o†set of the 3C 345 jet was reported by
Lobanov (1998), who derived the reference value )

rl\ 10.7
pc Hz~1. For a pair plasma with a D [0.5, Sc~T D

holds in the expression of therefore,cmin ln (cmax/cmin) Ckin ;
equation (8) gives

L kinD 1046 ln (cmax/cmin)
10

K0.5
A d
20
B

ergs s~1 . (11)

On the other hand, for a normal plasma, equation (8) gives

L kinD 1046
Acmin
100
B~1

K0.5
A d
20
B

ergs s~1 . (12)

Unless the particles signiÐcantly dominate the magnetic
Ðeld, K0.5 does not exceed unity (see eqs. [B14] and [B15],
which hold when an energy equipartition is realized
between the radiating particles and the magnetic Ðeld). For

TABLE 2

MAGNETIC FIELD AND ELECTRON DENSITY OF COMPONENTS C5 AND C7

C5 C7 C7 C7 C7
Parameter (1990.55) (1992.05) (1992.67) (1993.19) (1993.55)

oh (mas)b . . . . . . . . . . . . 1.75/0.65 0.14/0.65 0.22/0.65 0.38/0.65 0.52/0.65
bapph . . . . . . . . . . . . . . . . . 5.7/0.65 a 1.8/0.65 b 3.9/0.65 b 6.8/0.65 b 9.4/0.65 b
l
m

(GHz)b . . . . . . . . . . . 2.7 ^ 0.5 12.8 ^ 0.5 12.5^ 1.0 11.6^ 0.5 11.0^ 1.5
S
m

(Jy)b . . . . . . . . . . . . . . 3.2^ 0.5 4.6 ^ 0.5 7.0^ 0.5 5.1^ 0.5 3.1^ 0.5
ab . . . . . . . . . . . . . . . . . . . . . [0.75 [0.75 [0.75 [0.75 [0.75
h
d

(mas)b . . . . . . . . . . . . . 0.80 0.20^ .04 0.35^ .02 0.41^ .02 0.38^ .02
dminb . . . . . . . . . . . . . . . . . . . 8.0^ 3.5 11.7 ^ 4.1 6.5^ 0.9 5.5^ 0.6 4.0^ 1.1
deqc . . . . . . . . . . . . . . . . . . . . 33 39~24`43 15~5`6 8.4~2.3`2.5 7.1~4.7`6.7
!eqc . . . . . . . . . . . . . . . . . . . 18 20~12`21 8.8~2.1`2.6 11.0~0.8`0.8 25~10`19
req (rad)c . . . . . . . . . . . . 0.022 0.008~0.007`0.014 0.05~0.03`0.04 0.12~0.03`0.02 0.11~0.04`0.02
B (mG)c . . . . . . . . . . . . . . 4.4 19~11`11 31~12`12 43~12`12 62~39`61
N

e
p (SSA) (cm~3)c . . . . . . 0.09 0.5~0.4`1.9 4.5~2.9`6.6 11~4`5 12~8`10

N
e
p (pair) (cm~3)c . . . . . . 0.63L 46.5 11~8`17L 46.5 14~6`7 L 46.5 5.9~1.8`1.4 L 46.5 1.9~1.6`1.9 L 46.5

N
e
p (pair)/N

e
p (SSA)c . . . . . . 7.2L 46.5 23~12`40 L 46.5 3.0~1.2`1.9 L 46.5 0.53~0.27`0.44L 46.5 0.17~0.15`0.81 L 46.5

eB dominated? . . . . . . Likely yes Likely yes Likely yes Likely yes Likely yes

a From Unwin & Wehrle 1992.
b From Unwin et al. 1997. Errors are nominally 1 p but are dominated by systematic errors, which are

included in the estimate.
c The values for h \ 1 are presented. ergs s~1. Errors are 90% conÐdence regions for aL 46.54 L kin/1046.5

single parameter of interest.
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a normal plasma jet, the energy distribution must cut o† at
(° 4 ; see also Wardle et al. 1998). Since d [ 100 iscminD 100

unlikely for the 3C 345 jet, we adopt ergs s~1L kin\ 1046.5
(or equivalently as the representative upperL 46.5\ 1)
bound in this paper. If becomes less than this value, theL kinpossibility of normal plasma dominance further decreases.

3.2. Equipartition Doppler Factor
We estimate the value of d by assuming an energy equi-

partition between the magnetic Ðeld and the radiating par-
ticles. In this case K becomes of the order of unity, and d is
given by the so-called equipartition Doppler factor
(Readhead 1994) :

d \ deq

4
GC 103F(a)

(h
d
/mas)

D34C 2(h/1.54)

1 [ 1/J1 ] z

D2

] (1] z)15~2aSm16
A l

m
MHz

B~35~2aH1@(13~2a)
,

(13)

where F(a) is given in Scott & Readhead (1977).
There is much justice in adopting the equipartition

Doppler factor as the representative value. First, as Gu� ijosa
& Daly (1996) pointed out, values of various AGN jetsdeqhave a high correlation with the minimum alloweddmin,Doppler factor derived by comparing the predicted and the
observed self-Compton Ñux (Marscher 1983, 1987 ; Ghisel-
lini et al. 1992). (If a homogeneous moving sphere emits all
the observed X-ray Ñux via synchrotron self-Compton
process, then Second, the ratio weaklyd \ dmin.) deq/ddepends on the ratio where and refer to theu

p
/u

B
, u

p
u
Benergy densities of radiating particles (i.e., electrons and

positrons) and the magnetic Ðeld, respectively. For
a \ [0.75 for instance, we obtain deq/d \ (u

p
/u

B
)2@17

(Readhead 1994). It is noteworthy that depends rela-N
e
p (SSA)

tively weakly on and a if we adopt Forh
d
, l

m
, d \ deq.example, we obtain for a \ [0.75.N

e
p (SSA)P h

d
2.9 l

m
5.5S

m
~1.5

This forms a striking contrast with N
e
p (SSA)P

which would be obtained from equationh
d
~10l

m
~8S

m
4.5d~4.5,

(7) without making any assumptions on d. We present such
representative values of deq, !eq 4 (bapp2 ] deq2B, and for C2ÈC4 in Table 1, and those] 1)/(2deq), N

e
p (SSA)

for C5 and C7 in Table 2.
We Ðrst compare the values of with It followsdeq dmin.from Tables 1 and 2 that is satisÐed for all thedeq[ dmineight cases, as expected. Moreover, the values of fordeqC2ÈC4 at 1982.0 and those for C7 at the four epochs

decrease with increasing projected distance, o (mas), from
the core. As a result, the viewing angle computed from bappand (see eq. [4]), increases with increasing o. (Wedeq req,exclude C5, for which the trajectory appears in a di†erent
position angle from those for C2ÈC4.) The results are quali-
tatively consistent with Zensus et al. (1995) and Unwin et al.
(1997).

Let us next consider This variable is roughly con-N
e
p (SSA).

stant at D0.2 cm~3 for C2ÈC4, whereas it increases from
0.5 cm~3 at 1992.05 to 10 cm~3 at 1993.55 for C7. We
consider that this tendency comes from insufficient angular
resolution, particularly when a component is close to the
core. We can alternatively compute fromN

e
* N

e
* \

the energy equipartition. Remember-(K/cminm
e
c2)(B2/8n),

ing that K D 0.1 for a D [0.5, we Ðnd that computed inN
e
*

this way is consistent with N
e
p (SSA).

We can compute for a pair plasma fromN
e
p (pair), N

e
p (kin)

equation (8). The results of are presented in Tables 1N
e
p (pair)

and 2, together with the ratio It follows fromN
e
p (pair)/N

e
p (SSA).

Table 1 that C2 and C3 are likely dominated by a pair
plasma. It is also suggested that C4 is dominated by pair
plasma unless exceeds 1046.5 ergs s~1. Unfortunately,L kinthe errors in B, and cannot be calculatedN

e
p (SSA), N

e
p (pair)

because those in and are not presented in Zensus et al.l
m

S
m(1995). Furthermore, Table 2 indicates that C5 and C7 at all

the four epochs are likely dominated by a pair plasma.
Unfortunately, the meaningful errors in B, andN

e
p (SSA),

for C5 cannot be calculated because its error inN
e
p (pair) h

d(or m in their notation) is not presented in Unwin et al.
(1997). Nevertheless, the results of stronglyN

e
p (pair)/N

e
p (SSA)

suggest that the jet components of 3C 345 on parsec scales
are dominated by a pair plasma.

4. DISCUSSION

In summary, we derive the proper electron number
density, of a homogeneous radio-emitting com-N

e
p (SSA),

ponent of which spectral turnover is due to synchrotron
self-absorption. Comparing with the density derivedN

e
p (SSA)

from the kinetic luminosity of the jet, we can investigate
whether we can exclude the possibility of normal plasma
(e~-p) dominance. Applying this method to the
““superluminal ÏÏ quasar 3C 345, using the published spec-
trum data of C2, C3, C4, C5, and C7, we Ðnd that all the Ðve
components are likely dominated by a pair plasma.

As demonstrated in the last part of ° 2, the conclusion is
invulnerable against the undetermined value of of elec-cmintrons and positrons. However, if for a normal plasmacminwere to be signiÐcantly less than 100, then the possibility of
a normal plasma dominance could not be ruled out in
general. In the case of the 3C 345 jet, equation (12) would
give ergs s~1 for a normal plasma withL kinD 1048 cminD 1.
In this case, the large kinetic luminosity (D1048 ergs s~1) is
carried by protons, because

Sc~Tm
e
c2D

cmin
K

m
e
c2> m

p
c2 (14)

holds. Nevertheless, we consider that such a jet is unlikely
because the protons carry about 2 orders of magnitude
more energy than is seen to be dissipated as synchrotron
radiation (D1046 ergs s~1). Electrons on parsec scales will
not be cooled down so rapidly shortly after being heated up
at the shock fronts.

It is interesting to consider the case when d is estimated
by methods other than the energy equipartition. As an
example let us consider a jet motion with a roughly con-
stant Lorentz factor ; Zensus et al. (1995) derived that
!D 10 is close to the smallest value that is consistent with
all their available kinematic constraints. Such values of d
and r are denoted by the solid dots in Figure 12 of their
paper and tabulated again in Table 3 in the present paper.
Using those data, we can compute B and of eachN

e
p (SSA)

component (Table 3). For C2, we adopt !\ 13 rather than
10 because for h \ 1 (or equivalentlybapp\ 12.9 H0\ 65)
gives The results of![ (1 ] bapp2 )1@2\ 12.9. N

e
p (pair)/N

e
p (SSA)

show again that C2ÈC4 at 1982.0 are likely dominated by a
pair plasma.
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TABLE 3

ELECTRON DENSITIES WHEN ! IS GIVEN

C2 C3 C4
Parameter (1982.0) (1982.0) (1982.0)

o (mas) . . . . . . . . . . . . . . . 4.9/0.65 2.2/0.65 0.40/0.65
bapph . . . . . . . . . . . . . . . . . 8.4/0.65 6.0/0.65 4.0/0.65
! . . . . . . . . . . . . . . . . . . . . . 13 10 10
d . . . . . . . . . . . . . . . . . . . . . . 14 13 18
B (mG)a . . . . . . . . . . . . . . 11 7.2 19
N

e
p (SSA) (cm~3)a . . . . . . 0.0055 0.77 1.2

N
e
p (pair) (cm~3)a . . . . . . 0.15L 46.5 1.3L 46.5 14L 46.5

N
e
p (pair)/N

e
p (SSA)a . . . . . . 27L 46.5 1.6L 46.5 11L 46.5

eB dominated? . . . . . . Likely yes Likely yes Likely yes

a h \ 1 is assumed. ergs s~1.L 46.54 L kin/1046.5

APPENDIX A

DERIVATION OF THE SYNCHROTRON SELF-ABSORPTION CONSTRAINTS

We assume that the parsec-scale jet close to the core propagates conically with a half-opening angle s in the observerÏs
frame. Then the optical depth q for synchrotron self-absorption is given by

ql(R) \ 2R sin s
sin (r] s)

al , (A1)

where R is the distance of the position from the injection point of the jet and (1 cm~1) refers to the absorption coefficient.alFor a small half-opening angle (s > 1), this equation can be approximated as

ql(R) \ 2R
s

sin r
al . (A2)

Since q and Rs are Lorentz invariants, we obtain

al
sin r

\ al*
sin r*

, (A3)

where a quantity with an asterisk is measured in the comoving frame while that without an asterisk in the observerÏs frame.
Since is also Lorentz invariant, equation (A3) giveslal

sin r*
sin r

\ l
l*

\ d
1 ] z

. (A4)

Combining equations (A2) and (A4), we obtain

ql \ 1 ] z
d

2Rs
sin r

al* \ 1 ] z
d

1
sin r

h
d
D

L
(1] z)2 al* , (A5)

where the angular diameter distance of the jet, is rewritten with the luminosity distance, divided by (1] z)2 ; here2Rs/h
d
, D

L
,

is the angular diameter of the component in the perpendicular direction of the jet propagation. If we observe at theh
d

qlturnover frequency, it becomes a function of the optically thin spectral index a, which is tabulated in Scott & Readheadl
m
,

(1977).
Averaging over pitch angles of the isotropic electron power-law distribution (eq. [5]), we can write down the absorption

coefficient in the comoving frame as (Le Roux 1961 ; Ginzburg & Syrovatskii 1965)

al* \ C(a)r02 k
e
*

l0
l*
Al

B
l*
B(~2a`3)@2

, (A6)

where and The coefficient C(a) is given in Table 1 of Gould (1979).l04 c/r04 c/[e2/(m
e
c2)] l

B
4 eB/(2nm

e
c).

Substituting equation (A6) into equation (A5), and assuming a \ 0 and we obtain with the aid of equation (A5)cmin> cmax,

N
e
* B~a`1.5 \ m

e
c

e2
A e
2nm

e
c
B~1.5`a ql(a)

C(a)
cmin2a
[2a

]
(1] z)2

D
L

sin r
h
d

A1 ] z
d
B~a`1.5

l~a`2.5 . (A7)

Evaluating l at the turnover frequency, and combining with equation (1), we obtain presented in equation (7),l\ l
m
, N

e
*

which equals times given in equation (3) in Marscher (1983). It is noteworthy that electron number(cminm
e
c2)2a/([2a) N0density in the observerÏs frame can be obtained if we multiply (1] z)/d on N

e
*.
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APPENDIX B

KINETIC LUMINOSITY INFERRED FROM CORE-POSITION OFFSET

In this appendix we deduce the kinetic luminosity of a jet from its core-position o†set due to synchrotron self-absorption.
This method was originally developed by Lobanov (1998). However, our results somewhat di†er from his results ; therefore,
we explicitly describe the derivation so that the readers can check it.

B1. Scaling L aw
First, we assume that and B scale on r in the following manner :N

e
*

N
e
* \ N1 r~n, B\ B1 r~m , (B1)

where and refer to the values of and B at pc, respectively ; Introducing dimensionless variablesN1 B1 N
e
* r1\ 1 r 4 R/r1.

x
N

4 r1 r02N1, x
B
4

l
B1
l0

\ eB1
2nm

e
c

(B2)

and utilizing equation (A6), we obtain from the left equality in equation (A5)

ql \ C(a)
2s

sin r
[2a
cmin2a

A1 ] z
d
B~vA l

l0

B~1~v
r1~n~mvx

N
x
B
v , (B3)

where v4 3/2 [ a.
At a given frequency l, the Ñux density will peak at the position where becomes unity. Thus setting q\ 1 and solvingqlequation (B3) for r, we obtain the distance from the VLBI core observed at frequency l from the central engine as

r(l) \
A
x
B
kb F

l0
l
B1@kr

, (B4)

where

F(a)4
C
C(a)

2s
sin r

[2a
cmin2a

A d
1 ] z

Bv
x
N

D1@(v`1)
, (B5)

k
b
4

3 [ 2a
5 [ 2a

, (B6)

k
r
4

(3[ 2a)m] 2n [ 2
5 [ 2a

. (B7)

B2. Core-Position O†set
If we measure r(l) at two di†erent frequencies (say and equation (B4) gives the dimensionless, projected distance ofl

a
l
b
),

asr(l
a
) [ r(l

b
)

*rproj\ [r(l
a
)[ r(l

b
)] sin r\ (x

B
kb Fl0)1@kr

l
b
1@kr [ l

a
1@kr

l
a
1@krl

b
1@kr sin r . (B8)

DeÐning the core-position o†set as

)
rl 4 r1*rproj

l
a
1@krl

b
1@kr

l
b
1@kr [ l

a
1@kr , (B9)

we obtain

)
rl

r1
\ (x

B
kbFl0)1@kr sin r . (B10)

To express in terms of and we can invert equation (B10) asx
B

x
N

)
rl,

x
B
\
A )

rl
r1 sin r

Bkr@kb
(Fl0)~1@kb . (B11)

Note that is included in F\ F(a).x
NSetting in equation (B8), we obtain the absolute distance of the VLBI core measured at l from the central engine asl
b
] O

rcore(l) \
)

rl
r1 sin r

l~1@kr . (B12)
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That is, once is obtained from multifrequency VLBI observations, we can deduce the distance of the synchrotron)
rlself-absorbing VLBI core from the central engine, assuming the scaling laws of and B as equation (B1).N

e
*

We next represent and (or equivalently, and as a function of To this end, we relate and B as follows :x
N

x
B

N1 B1) )
rl. N

e
*

N
e
* cminm

e
c2\ K

B2
8n

. (B13)

When an energy equipartition between the radiating particles and the magnetic Ðeld holds, equation (5) gives for a \ [0.5 :

K \ 1
ln (cmax/cmin)

D 0.1 , (B14)

whereas for a \[0.5

K \ 2a ] 1
2a

cmax2a [ cmin2a
cmax2a`1[ cmin2a`1 . (B15)

Substituting and into (B13) and replacing and with and we obtainN
e
* \N1 r~2 B\ B1 r~1 N1 B1 x

N
x
B
,

x
N

\ n
2

K
cmin

r1
r0

x
B
2 . (B16)

It is noteworthy that the assumptions of n \ 2 and m\ 1, which results in guarantees the energy equipartition at ank
r
\ 1,

arbitrary distance, r.
Combining equations (B11) and (B16), we obtain

x
B
\
A )

rl/l0
r1 sin r

B(5~2a)@(7~2a)
]
C
nC(a)

s
sin r

K
cmin

r1
r0

[2a
cmin2a

A d
1 ] z

BvD~2@(7~2a)
. (B17)

The particle number density, can be readily computed from equation (B16).x
N
,

B3. Kinetic L uminosity
We can now relate the kinetic luminosity with the core-position o†set. The factor in equation (9) can be expressed inN

e
R2

terms of and hence asx
N

x
B

N
e
* R2\ N1 r12\ r1

r02
x
N

\ n
2

K
cmin

r12
r03

x
B
2 . (B18)

For a pure pair plasma, we obtain and Therefore, for a conical geometry, we can put inSc
`

T \Sc~T m
`

\ m
e
. R

M
\ Rs

equation (9) to obtain equation (8), where Ckin\ n2Sc~Tm
e
c3/cmin.In the same manner, for a normal plasma, we have and In this case we obtainSc

`
T \ 1 m

`
\ m

p
. Ckin\n2mp c3/(2cmin).
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